matter, whereas in Stages 2 and 3, lesions are depicted in the corpus callosum and brainstem, respectively. 10 The prevalence of DAI detected with MR imaging has not been studied often in consecutive head-injured patients, and will depend on the sensitivity of the MR imaging sequences, selection of patients, and time between injury and scan.
The association between DAI detected by MR imaging and outcome has not been established. It has been argued that DAI may be a common cause of poor outcome 18, 32 and the mechanism most likely to be responsible for many of the cognitive deficits resulting from moderate to severe TBI. 27 Yet studies are lacking comparing outcome in groups of patients with TBI with and without DAI. Several studies have shown an association between the number or volume of lesions and outcome, 4, 20, 26, 35 whereas others have failed to do so. 12, 27 Stage 3 DAI, or brainstem injury in general, has been associated with a poor outcome in adults as well as in children and adolescents. 6, 16, 19, 31, 34 However, the importance of MR imagingdetected Stage 1 (lesions confined to the hemispheres) or Stage 2 (callosal lesions) DAI is less clear because studies have yielded conflicting results. 15, 23 The aims of this study were to describe the frequency and staging of DAI depicted with early MR imaging in consecutive patients with moderate to severe head injury admitted to a neurosurgical department. Furthermore, we wanted to relate the findings to the GCS score and to global patient outcome.
Methods

Patient Population
This MR imaging study included 106 patients in whom MR imaging was performed during the first 4 weeks after TBI. All patients were admitted to the neurosurgical department at St. Olavs Hospital in Trondheim, Norway. This hospital is the only Level I trauma center in a region of 660,000 inhabitants, and due to centralized treatment policy, the data regarding the severe head injuries are population-based. The patients had moderate to severe head injury according to HISS criteria. 29 Between October 2004 and August 2008, 182 individuals ranging in age from 5 to 65 years were admitted with moderate to severe head injury and were registered. Six additional admitted patients did not consent or were not registered for various reasons; of 23 who died during the acute phase, 21 died from the head injury, and 2 from other injuries. Of the 159 survivors, 108 (68%) had an MR imaging examination within 4 weeks postinjury, of which 2 were excluded due to poor quality. Reasons for not undergoing an examination with MR imaging within 4 weeks were: medical contraindications in 10 patients; logistical reasons in 27 patients, most often early transfer to other hospital; premorbid cerebral injuries in 11 patients; and refusing the MR imaging examination in 3 patients.
Magnetic Resonance Imaging
Magnetic resonance imaging was performed on a 1.5-T Siemens Symphony or Siemens Avanto MR imaging system (Siemens Medical) at the study hospital. Six patients were examined using a similar MR imaging system at a neighboring hospital. ). Diffusion trace maps were computed from the isotropic diffusion image and were used to estimate the apparent diffusion coefficient.
Imaging Analysis
Two experienced neuroradiologists (K.A.K and M.F.) reported the imaging findings by consensus based on visual inspection, in accordance with predefined variables. Diffuse axonal injury was classified into Stage 1, 2, or 3 ( Table 1 ; Fig. 1 ). Lesions in the cerebral cortex were defined as contusions.
For evaluation of reliability, 31 cases were selected according to identification number only (blind to data) from the ascending list of cases. These cases were scored by a third neuroradiologist who was blinded to clinical information and previous classification. Lesions were classified according to presence and staging of DAI.
Computed Tomographic Imaging
The CT scans were reviewed by a radiologist (I.H.S.) and classified as worst (highest CT score) according to the Marshall CT classification 21 and presence of traumatic subarachnoid hemorrhage, including intraventricular hemorrhage.
Demographic and Injury-Related Variables
Demographic variables included sex, age, and preinjury problems. Preinjury problems were present if substance abuse, or neurological or psychiatric conditions affected daily functioning at the time of injury. Injury-related variables were MOI, CT findings, lowest observed GCS score (recorded at or after admittance, or before intubation in cases of prehospital intubation), moderate (GCS Score 9-13) or severe (GCS score ≤ 8) head injury, and pupillary abnormalities.
The GCS score may be falsely low due to nonhead injury factors; that is, intoxication or major nonhead trauma. 30 Accordingly, those patients whose mental condition had returned to normal during the first 24 hours and whose initial low GCS score could be explained by other factors were diagnosed with mild head injury and excluded. Likewise, those patients whose GCS score rose to 9-13 during the first 24 hours and whose initial low GCS score could be explained by other factors were upgraded from initially severe to moderate.
Outcome Assessment
Global outcome was assessed 12 months postinjury by telephone or personal contact, using the structured interview for the GOSE. 13, 14, 33 To reduce the potential error associated with the telephone setting, 17 relatives or caregivers also provided information in two-thirds of the cases, and the best source of information was used (based on the judgment of the authors). One of the 159 patients eligible for MR imaging was lost to follow-up at 12 months, and in that case, 6-month outcome results were used. The GOSE score was dichotomized into "good recovery" (GOSE Score 7 or 8) and "disability" (GOSE score ≤ 6). Individuals with good recovery had resumed a preinjury level of occupational and social function, although complaints may have been present, and even affected daily life (GOSE Score 7). Another point of dichotomization was between "poor outcome" (GOSE score ≤ 4) or "favorable outcome" (GOSE Score 5-8; individuals independent in daily activities).
Statistical Analysis
Patient demographics and injury characteristics are presented as percentages, mean ± SD, median with IQR (25-75%), or range. The GCS and GOSE scores were analyzed using nonparametric tests due to lack of normal distribution of data. We used the Kruskal-Wallis test for analysis of medians in > 2 groups, followed by the Mann-Whitney U-test. The chi-square test was used for comparison of proportions. The Student t-test was used for comparisons of mean age. The relationship between GCS and GOSE scores was explored using the Spearman rank correlation test. The relationship between DAI and outcome was analyzed using multiple logistic regression with GOSE dichotomized into "good recovery" or "disability" as the dependent variable and DAI and age as covariates. An interrater reliability analysis was performed using the linear-weighted Kappa statistic to determine consistency among raters. We adopted the Altman guidelines in which κ values < 0.20 are considered poor, 0.21-0.40 fair, 0.41-0.60 moderate, 0.61-0.80 good, and > 0.81 very good. 3 Available case analysis was used for the analyses of the variables with missing data, which never exceeded 5 cases. The precision of the estimates was assessed with 95% CIs. All tests were considered statistically significant at p < 0.05. The statistical analyses were performed using the statistical software SPSS for Windows, version 16.0 (SPSS Inc.) and StatXact 8 (Cytel Inc.). 
Informed Consent
The Regional Committee for Medical Research Ethics and the Norwegian Social Science Data Services approved the study. Written informed consent was obtained from the patient or, for individuals underaged or incapacitated, their next of kin. Permission was obtained from the Norwegian Directorate of Health to use data from the deceased without consent from their next of kin.
Results
Patient Characteristics
One hundred and six patients were examined within 4 weeks postinjury (median 8 days, range 1-26 days, IQR 4-14 days). In the remaining 53 patients, MR imaging was performed later or not performed. In patients not examined with early MR imaging, mean age was significantly higher and a higher proportion reported preinjury problems (Table 2 ). For injury-related variables, no significant differences were found. The 21 patients who died of the head injury are presented separately.
Occurrence of DAI
Diffuse axonal injury was found in 76 patients (72%) and 1 or several contusions were found in 77 (73%). Only 3 patients had no parenchymal lesions, and 2 of these 3 had an epidural hematoma. A combination of DAI and other lesions (contusions and hematomas) was found in 50%. A pattern of "pure DAI" was noted in 23 patients (22%). In all 6 cases of skiing accidents, pure DAI was reported. Patients with DAI lesions were significantly younger, had more severe injuries, and were more frequently injured in traffic accidents than patients without DAI. The frequency of an evacuated mass lesion was also significantly lower in patients with DAI (Table 3) .
In patients with severe head injury, a significantly higher frequency of DAI (90%) was found compared with patients with moderate head injury (56%; p = 0.001). A combination of DAI and other lesions was also more common in patients with severe head injury (67%) than in those with moderate head injury (33%; p = 0.001). pus callosum (as in Stage 2 DAI). There were no cases of Stage 3 DAI without other DAI lesions (either lesions in the corpus callosum or in the lobar white matter).
Staging of DAI
Glasgow Coma Scale Score and DAI
The median GCS score was 9 (IQR 7-10.25) in 22 patients with pure DAI and significantly lower than in 27 patients without DAI (median 12, IQR 11-13; p = 0.001).
The GCS score was correlated with outcome (GOSE score) in patients with DAI (r = 0.47; p = 0.001), whereas no such correlation was found in patients without DAI (r = 0.03; p = 0.89). Furthermore, in the patients without DAI, median GCS scores were similar in 9 patients who were disabled (median 13, IQR 9-13) and in 20 patients who had good recovery at 12 months (median 12.5, IQR 11.25-13).
Mass Lesions and DAI
Twenty-three patients underwent operations involving evacuation of a mass lesion, and 52% of these had DAI. Coexistence of DAI was demonstrated in 5 (33%) of 15 patients with an evacuated epidural hematoma, and in 5 (83%) of 6 patients with an evacuated subdural hematoma.
Outcome and DAI
Outcome data were available for 105 patients. One had died of an unrelated event before any follow-up data was obtained. Patients with DAI had a median GOSE score of 7, and patients without DAI had a median GOSE score of 8, but the difference did not reach significance ( Table 3 ). The median GOSE score was significantly lower in patients with Stage 3 DAI than in patients with Stage 1 or 2 DAI (Table 4) . However, no significant difference in GOSE score was found between patients with Stage 1 and Stage 2 DAI. In the entire MR imaging cohort, 17 patients (16%) had a poor outcome, and 16 of these had DAI. As a result, significantly more patients without DAI (97%) experienced a favorable outcome than patients with DAI (79%; p = 0.036).
To determine whether outcome in patients with DAI could be attributed to the subgroup of patients with Stage 3 DAI, we examined cases without any kind of brainstem injury and compared cases with (46 patients) and without DAI (30 patients). In patients without brainstem injury, no difference in GOSE score was found between patients with DAI (7.5, IQR 6-8) and patients without DAI (8, IQR 5.5-8; p = 0.7). Furthermore, a good recovery was found in 67% of patients with DAI and in 66% of patients without DAI (p = 1.0). Finally, because mean age was higher in the patients without DAI, thus representing a possible confounder, we also conducted a multivariable logistic regression analysis of the patients without brainstem injury. After this analysis, greater age was found to be significantly associated with disability, whereas DAI was not (Table 5) .
Interrater Reliability
The interrater reliability of the staging of DAI in 31 cases was very good with a weighted linear κ of 0.84 (95% CI 0.67-1.00; Table 6 ). (57) 17 (50) 1 (5) 16 (55) 7 14 (13) 4 (19) 4 (12) 3 (14) 3 (10) 6 14 (13) 2 (10) 6 (18) 3 (14) 3 (10) 5 14 (13) 2 (10) 4 (12) 2 (10) 6 (20) 4 4 (4) 0 0 3 (14) 1 (3) 3 11 (11) 1 (5) 3 (9) 7 ( 
Discussion
In this prospective cohort study, we found that almost three-quarters of all patients had some degree of DAI, and very often in combination with contusions or hematomas. The level of consciousness was lower in patients with DAI, and only in patients with DAI was GCS score related to outcome. Moreover, DAI was a negative prognostic factor only when located in the brainstem.
To our knowledge, no such study has previously been conducted. Several prospective studies have used MR imaging in consecutive patients and present outcome data, 32 but these may not be suitable for comparison for different reasons. Gentry 10 made a substantial contribution to our current knowledge on the distribution of traumatic lesions depicted by MR imaging in head injury, but the MR imaging modalities available at that time were less sensitive. Pierallini et al. 23 found a correlation between FLAIR lesion volume and outcome, but MR imaging was performed late. Carpentier and colleagues 5 and Firsching et al. 6 performed MR imaging early in consecutive patients, but did not study DAI specifically. Finally, in a recent study Lagares and associates 16 found a prevalence of DAI comparable to our findings, but they did not report how patients were selected for MR imaging.
Occurrence and Staging of DAI
We found a high frequency of patients with lesions compatible with DAI. Diffuse axonal injury has been shown to be a common type of primary lesion, 11 but the prevalence of DAI has rarely been reported in survivors of TBI.
In severe head injury, DAI was found in almost every case. This finding corresponds with the results of neuropathological studies, showing DAI in almost all fatal cases. 9 Among the patients with moderate head injuries, 56% were diagnosed with DAI. This finding might not be expected, given the widespread belief that patients with DAI usually present with deep coma, 18 and that in less severe cases, MR imaging results will often be normal. 28 The prevalence of DAI found in the present study may, to some degree, overestimate the true prevalence of DAI in moderate and severe head injury, because the patients who were not examined using MR imaging were somewhat older and more often injured by falls, indicating a higher proportion of focal injuries. We also included only patients ≤ 65 years of age. In older patients, the incidence of DAI would probably be different. Our hospital serves as a Level I trauma center for the whole region and as a local hospital for a part of the region as well. Regarding severe head injury, our data are population-based and representative (of all patients with severe head injury in a region of our country) because almost all patients were registered. However, we cannot exclude that a few patients, without mass lesion, may not have been transferred to the neurosurgical department despite having a severe injury. The findings in the moderately injured patients may also be biased by a selection of patients with hematomas or contusions for transportation from the local hospital to the regional trauma center.
Glasgow Coma Scale Score
Patients with DAI had lower GCS scores than patients with other lesions. This fact is in accordance with the observations of Salazar et al. 25 that in focal lesions, unconsciousness was often of short duration or not observed at all. However, the injuries in this study were penetrating injuries. Interestingly, we found that in patients with DAI, a low GCS score was negatively related to outcome, but not in patients with other lesions only. To our knowledge, this discrepancy has not previously been reported, and this fact could partly explain why the correlation between GCS score and outcome has been weak in some studies. 7 Furthermore, this discrepancy demonstrates that in more focal injuries, prognostic factors other than the GCS score need to be evaluated.
Mass Lesions and DAI
One-third of patients who had an epidural hematoma evacuated also had DAI lesions, and in patients who underwent operations involving evacuation of a subdural hematoma, coexistence of DAI was very common. This is important information for neurosurgeons, because both the mass lesion and DAI may contribute to the reduction of consciousness observed in these patients.
Diffuse Axonal Injury and Relation to Outcome
As a whole, patients with DAI had a worse outcome with a higher proportion of poor outcomes. A poor outcome was rare in patients without DAI. The patients with Stage 3 DAI, however, demonstrated a very high rate of disability, and when cases with brainstem injuries were removed from the analysis, patients with DAI did not show a worse outcome. We infer from these results that the worse outcome initially found in patients with DAI most likely is explained by the worse outcome found in cases with Stage 3 DAI. Consequently, the present study indicates that the mere presence of DAI lesions is not a negative prognostic factor if DAI is not affecting the brainstem. This may be in contrast to the common belief, as recently stated in a review, that "DAI is a common cause of poor outcome." 32 Unquestionably true, but this view might be balanced by the fact that DAI is also frequent in patients who recover well.
Also surprising was the fact that we found no significant difference in outcome between Stage 1 and Stage 2 DAI, and a good recovery was common in both groups. In a frequently cited study, Kampfl et al. 15 found that callosal injury and brainstem injury both independently predicted permanent vegetative state in 80 severely injured patients. They did not apply FLAIR or gradient echo MR imaging, however, and direct comparison of their results is difficult because they did not report the number of patients with Stage 2 DAI only. Furthermore, permanent vegetative state is a rare outcome after TBI, and thus, their sample is highly selective and not representative of the majority of patients with traumatic callosal lesions.
In the present study, in general, patients with Stage 3 DAI also had lesions in the corpus callosum and the hemispheres, and those with Stage 2 DAI also had lesions in the hemispheres. Thus, our results support the Ommaya and Gennarelli model 22 with successive involvement of more central and deeper brain structures as the load of impact increases. However, our data regarding outcome in Stage 1 and 2 DAI do not support an understanding of a linear increase in clinical severity that might be inferred from the neuropathological grading. 2 
Study Limitations
Limitations of the study are those associated with the lack of a standardized procedure for detection and classification of MR imaging lesions. The MR images were reviewed by 2 experienced neuroradiologists, and any disagreement was resolved by consensus. Ideally, the radiologists should have been blinded to clinical information. In the present study, this was not possible due to required cooperation with neurosurgeons during treatment of the patients. Thus, we performed an analysis of interobserver agreement in a subset of the patients, and the κ value indicated sufficient reliability of the procedure.
Moreover, FLAIR lesions tend to attenuate over time, and it would have been preferable if the time from injury to imaging was equal in all cases and performed even earlier. This is not possible in a clinical cohort due to medical and logistic reasons. Thus, we cannot exclude the possibility that some nonhemorrhagic lesions may have been missed in patients examined close to 4 weeks after injury.
There were several strengths to the study. The sample size was relatively large compared with many other MR imaging studies. Furthermore, the prospective data collection assured reliable injury-related data and also a comprehensive overview of all eligible patients. The very high participation rate in the database and a loss to follow-up near 0 were also strengths of the study.
Conclusions
We conducted a prospective study of early MR imaging findings, with emphasis on DAI and outcome in a fairly representative sample of neurosurgical patients with moderate and severe head injuries who survived the acute injury phase. We used a clinical approach with visual inspection of the MR imaging results to study the frequency of DAI in typical head injuries treated in neurosurgical departments. Diffuse axonal injury was found in more than half of the patients with moderate injuries, and in 9 of 10 patients suffering a severe injury. Diffuse axonal injury was also found in nearly half of the patients who underwent operations for mass lesions. An unexpected finding was that GCS score was related to outcome only in patients with DAI. This finding indicates that in subgroups of patients with head injury, prognostic factors may act differently, and this fact might be important in the design of future studies. Diffuse axonal injury lesions in the brainstem were associated with a worse outcome. Otherwise, DAI, or a location in the corpus callosum, was not a negative prognostic factor.
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